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1 INTRODUCTION 
 
It is recognised that future energy needs must draw on 
renewable sources to reduce CO2 emissions. Wind 
energy is currently representing the fastest growth 
area of all renewables. For this reason an increasing 
number of wind farms are constructed in earthquake-
prone regions, with the risk of simultaneous failure of 
entire arrays of similarly designed structures in these 
farms under the action of strong ground motions. 
Relatively few published works focused on the 
seismic response of the wind turbine towers. Nuta et 
al. (2011) performed an incremental dynamic analy-
sis (IDA) in an 80-m tall 1.65-MW wind turbine steel 
tower and observed that it performed well under seis-
mic actions due to its long fundamental period. How-
ever, they also observed that collapse can occur sud-
denly if the elastic limit is exceeded during the 
earthquake. This was also concluded by Zhao et al. 
(2019), who also noticed that under far-field earth-
quake excitations the bottom region of the tower is 
critical in most cases, but in some records correspond-
ing to rock grounds that were dominated by low vi-
bration periods the upper part of the tower triggers the 
collapse. This is because the contribution of high-or-
der vibration modes in those earthquakes reduces the 
time that it takes for the structure to collapse, as well 
as the energy that it can dissipate before this happens. 
It was verified that the higher the position of the plas-
tic hinge in the tower the more brittle the failure is. 
The previous works consider that the towers are 
near-cylindrical and perfect tubular structures. Sa-
dowski et al. (2017) considered for the first time the 
welding imperfections in the tower in the nonlinear 
seismic analysis of the structure. They observed that 
these imperfections have almost no influence in the 
elastic seismic response but they affect significantly 
the intensities of the ground accelerations at which 
damage initiates, as well as on the failure location. 
This study also compared the response under two 
groups of 10 far-field and near-field earthquakes to 
conclude that the response can be more damaging un-
der near-field earthquakes with pulse-like effects and 
large vertical accelerations. 
These results, along with the recent literature re-
view on the topic presented by Katsanos et al. (2016), 
suggest the need for comprehensive studies of the in-
fluence of the distance between the epicenter of the 
earthquake and the structure (referred to as rupture 
distance in the following, Repi). This is the scope of 
the present study which is divided in two main seg-
ments: (a) the study of the linear elastic seismic re-
sponse of a wind turbine under a large number of rec-
ords (more than 2,500), and (b) the nonlinear time-
history seismic analysis of selected records with dif-
ferent rupture distances, with and without imperfec-
tions. The results show the importance of these as-
pects. 
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ABSTRACT: The global growth in wind energy suggests that wind farms will increasingly be deployed in 
seismically active regions, with large arrays of similarly designed structures potentially at risk of simultaneous 
failure under a major earthquake. The distance between the wind farm and the epicentre of the earthquake 
affects the frequency content of the seismic action and this may in turn have a significant impact on the perfor-
mance of the wind turbines. This study presents the seismic analysis of a wind turbine subject to a large number 
of seismic records corresponding to events with different rupture distances, and the nonlinear dynamic analysis 
of a detailed finite element model of the structure with realistic imperfections. The geometrically and materially 
nonlinear dynamic analyses conducted demonstrate that apart from the typical long-period vibration modes 
there are higher-order frequencies of the structure that can have a significant contribution in the response, and 
the importance of these is affected by the epicentral distance of the earthquake and by the imperfections of the 
tower.  
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2 DESCRIPTION OF THE STRUCTURE 
 
The structure considered in this study is a 61-m hol-
low tubular steel tower supporting a 1.5-MW capac-
ity. It was designed to resist a reference wind speed 
of 42.5 m/s at the hub but without explicit considera-
tion of the seismic response. The outer diameter of the 
tapering tower varied from 4035 mm at the base to 
2955 mm at the top, whilst the wall thickness ranges 
from 25 mm at the base to a minimum of 10mm near 
the top. Consequently, the diameter-to-thickness ra-
tios vary from ~161 at the base to a maximum of ~375 
in the upper regions of the tower (Fig. 1(a). The ma-
terial of the tower is S355 steel. The mass of the sup-
port tower was approximately 91 tonnes. Full details 





Figure 1. (a) Geometry of the tower, the shading denotes the 
thickness (darker means thicker), the horizontal lines represent 
welding between segments. (b) Beam element model. (c) Shell 
model with imperfections (exaggerated for illustration). Units in 
mm. 
 
The finite element models of the structure with 
beam and with shell elements developed in ABAQUS 
(2017) that are shown in Fig. 1 (described in the fol-
lowing sections) gave a fundamental vibration mode 
of the tower of T1 = 2.09 s. This result is very close to 
the value measured experimentally in this structure 
(Dai et al., 2015). None of the numerical models con-
sider soil-structure interaction, and the base of the 
towers is completely fixed. This was proved admissi-
ble when capturing the dominant vibration modes of 
the structure. 
 
3 SEISMIC ACTION 
 
A total of 2660 three-directional earthquake records 
extracted from the PEER-NGA (Ancheta et al., 2013) 
database have been considered in this study. The only 
conditions imposed in the selection of these records 
is that the moment magnitude (MW) is above = 5 and 
the epicentral distance is below Repi = 300 km. The 
spectral shape of the records is intentionally not spec-
ified in the selection of the records in order to explore 
its influence in the seismic response of the tower. The 
two uncorrelated horizontal components of the rec-
ords are applied in the X and Z directions (Fig. 1(a)). 
The vertical component is applied in the Y direction. 
The definition of the Intensity Measures (IMs) is 
important in the seismic analysis of structures and it 
is discussed in this study on wind turbine towers. 
Both structure-independent and –dependent IMs have 
been used. The structure-independent IMs are modu-
lar versions of the traditional Peak Ground Accelera-
tion (PGA), Velocity (PGV) and Displacement 





where ug,i is the ground displacement in the horizontal 
direction “i” (with i = X, Z). The overdot in ug,i repre-
sents the time-derivative. The structure-dependent IM 
is the modular spectral acceleration at the fundamen-
tal period of the tower: 
 (4) 
where Sa,i is the spectral acceleration of the ground 
motion in the horizontal direction “i” (with i = X, Z) 
evaluated at T1 = 2.09 s. This mode is considered to 
be the same in any horizontal direction because the 
relative position between the door and the hub/blade 
system, which are the only sources of asymmetry in 
the tower, have a negligible effect (Dai et al., 2017).  
4 LINEAR ELASTIC SEISMIC ANALYSIS 
4.1 Numerical model 
An extensive linear elastic seismic analysis consider-
ing the 2660 records of the proposed set of earth-
quakes is conducted first. A preliminary analysis has 
shown that in the elastic range the model of the tower 
with beam elements offers the same accuracy as a 
more detailed model with shell elements that include 
the door opening, stiffeners and weld depression im-
perfections. For this reason the study started with a 
simple three-dimensional model with beam elements 
that represent the variation of the circular section 
along the height. The elements have a typical length 
of 270 mm (~ 0.44% of the tower height) and linear 
variation of the curvature within the element. The 
mass of the hub and the blades is represented with 
lumped masses as shown in Fig. 1(b). The advantage 
of the beam model is its computational efficiency, 
something essential due to the extremely large num-
ber of analysis conducted in this work. For this rea-
son, only the peak elastic seismic response is studied 
by means of the Modal Response Spectrum Analysis 
(MRSA). The three-directional response spectra of all 
the records was obtained for this study with a damp-
ing ratio of 1% to represent the ‘parked’ condition of 
the turbine blades in all wind directions or operational 
conditions with side-to-side wind directions. This is 
considered the critical scenario for the seismic re-
sponse of the tower because lower damping is associ-
ated with larger seismic demands. The modal re-
sponses are superimposed through the Complete 
Quadratic Combination and the directional combina-
tion follows the Square Root of the Sum of Squares 
(SRSS) rule. The peak response is presented in terms 
of the peak horizontal displacement (ū) and the peak 
bending moment ( ). These are modular responses 
that result from the square root of the sum of the 
squares of the corresponding displacements or bend-
ing moments in the two horizontal directions (X and 
Z). 
Fig. 2 shows the peak displacement at the top level 
in terms of the epicentral distance of the earthquakes. 
No clear trend is observed because the original rec-
ords have very different intensities, which suggests 




Figure 2. Peak horizontal displacement at the tower top versus 
the epicentral distance. MRSA with unscaled records. 
 
Fig. 3 presents peak displacement at the Top level of 
the tower (Fig. 1(a)) for all the earthquakes in terms 
of their IMs. It is clear that the structure-independent 
IMs, particularly the PGA and the PGD, are not good 
representatives of the structural behaviour. This is at-
tributed to the uncorrelation between the spectral re-
sponse for a zero-value vibration period and that at 
the dominant mode of the structure: Sa(T1). The latter 
governs the response in structures dominated by the 
fundamental mode like this cantilever tower with a 
large mass at its top, and for this reason there is an 
almost linear trend between Sa(T1) and the displace-
ment at the top. It can be concluded that, as expected, 
Sa(T1) is a very efficient IM for the seismic analysis 
of wind turbine towers: regardless of the spectral 
shape of the record (characterized by the epicentral 
distance or the moment magnitude, among others), 
the value of Sa(T1) dominates the seismic displace-
ments of the structure. In the following, only Sa(T1) 




Figure 3. Peak horizontal displacement at the tower top versus 
different IM: (a) PGA, (b) PGV, (c) PGA, (d) Spectral accelera-
tion at the fundamental period. MRSA with unscaled records. 
 
The previous results show the large variability of 
Sa(T1) in the selected set of records (from less than 
0.01 g to more than 0.65g in Fig. 3(d)) and the need 
for scaling to study the influence of the epicentral dis-
tance. Fig. 4 presents the peak response of the struc-
ture after scaling the records so that their modular 
Sa(T1) is 0.5g. The earthquakes with unscaled Sa(T1) 
below 0.1g were removed from the plot to avoid un-
realistic scaling factors. The responses in terms of dis-
placements and bending moments are clearly organ-
ised close to the horizontal lines that represent the 
arithmetic averages of the results. This is particularly 
clear in Fig. 4(a) in terms of the displacements at the 
top and at the intermediate sections of the tower (in-
dicated in Fig. 1(a)), which indicates that the value of 
Sa(T1) is more important than the epicentral distance. 
Nevertheless it is observed that in the range of far-
field earthquakes with Repi between 20 and 120 km 
there is a larger influence of the rupture distance in 
terms of the peak displacements. The influence of Repi 
in the bending moments is illustrated in Fig. 4(b). The 
bending moments depend on the second derivative of 
the displacements and they are more sensitive to the 
contribution of higher-order vibration modes. This 
gives more importance to the spectral shape below the 
fundamental period and it explains why for the same 
IM some records give much higher bending moments 
at the intermediate section and, especially, at the base. 
This is particularly significant for near-field earth-




Figure 4. Influence of the epicentral distance on the peak elastic 
seismic response: (a) displacements, (b) bending moments. 
MRSA with records scaled to Sa(T1) = 0.5g. 
 
Fig. 4 allows to identify the Record Sequence 
Number (RSN) of critical earthquakes with Repi in dif-
ferent ranges in which the response of the tower is 
particularly large. These are summarised in Table 1 
and they are considered in the nonlinear study. Both 
records were recorded in similar grounds and have 
similar significant durations (approximately 30 s). 
 
Table 1.  Selected earthquakes. ______________________________________________ 
RSN  Name (year)              Repi [km]  MW   vs,30 [m/s]  Sa(T1) [g] ______________________________________________ 
8157  Christchurch (2011)  1.11        6.2    422            0.16 
451  Morgan Hill (1984)   24.55  6.2 561.4         0.14 _____________________________________________ 
5 INELASTIC SEISMIC ANALYSIS 
5.1 Numerical model 
The goal of the nonlinear seismic analysis is to study 
the energy dissipation and the influence of geometric 
imperfections such as weld depressions in the tower 
wall for the two records presented in Table 1. The 
wall was modelled using a mesh of linear reduced-
integration finite-strain S4R general purpose shell el-
ements. The steel model follows an ideal elastic–plas-
tic material law that was applied with a yield stress of 
355 MPa, a Poisson’s ratio of 0.3, an elastic modulus 
of 200 GPa and a density of 7850 kg/m3. In order to 
improve the accuracy of the response in the advance 
loading stages, simple ‘frictionless’ tangential and 
‘hard’ normal self-contact was permitted in the tower. 
The internal flanges at different locations of the tower 
were modelled as an artificially thick shell segment. 
The door opening was modelled as an elliptical cut-
out including a metallic stiffener around its perimeter 
defined with beam elements. The construction of the 
tower is based on the welding of the different seg-
ments shown in Fig. 1(a). As a result of shrinking dur-
ing post-weld cooling an inward curl appears and it 
may affect significantly the seismic response of the 
structure (Sadowski et al., 2017). In this work, two 
types of towers have been considered in terms of their 
axisymmetric weld imperfections, defined through 
the Fabrication Tolerance Quality (FTQ): FTQ ‘0’ 
(no imperfections, ‘perfect’ quality) and FTQ ‘C’ (ap-
proximately 22.5-mm depressions for the tower ge-
ometry considered herein, ‘normal’ quality). More 
details about the shell model and the imperfections 
are given in Sadowski et al. (2017). 
In each step of the nonlinear response history anal-
ysis (NLRHA) the coupled system of dynamics is 
solved using the HHT implicit algorithm with auto-
matic time-stepping (ABAQUS, 2017). The struc-
tural damping is defined by a Rayleigh distribution 
with 1% damping at the lowest and the highest vibra-
tion modes of interest (2.09s and 0.044s, respec-
tively). 
 The three components of the earthquakes are scaled 
progressively to explore the linear and the nonlinear 
responses of the tower up to collapse following using 
the Incremental Dynamic Analysis (IDA) framework. 
Each value of the IM is then plotted against the re-
sponse represented by an Engineering Demand Pa-
rameter (EDP). In this work, the EDP is chosen as the 
dissipated plastic energy in the entire tower at the end 
of the earthquake (EP), which is zero when the re-
sponse is completely elastic. This EDP is preferred to 
the more conventional displacement at a reference 
point because it is not clear where a hinge location is 
in advance, therefore it is difficult to make sense of 
the lateral drift at the top. 
5.2 Nonlinear time-history analysis results 
Fig. 5 shows the results of the IDA conducted in the 
tower under the two records and for different imper-
fection levels. The original near-field earthquake, 
without scaling factors, is able to produce a slight 
damage in the tower with Sa(T1) = 0.16 g. This dam-
age is concentrated at the weld between the upper seg-
ments of the structure, as it is described in Fig. 6. 
However, the original far-field excitation is not able 
to damage the tower, not even after scaling to Sa(T1) 
= 0.16 g. In fact, the IM of the far-field earthquake 
that starts the damage in the tower is 0.28 g and 0.42 
g for the model with and without imperfections, re-
spectively, i.e. 1.7 and 2.6 times larger Sa(T1) than the 
corresponding value in the near-field record. The ef-
fect of the imperfections is significant but the way in 
which it affects the seismic behaviour of the tower de-
pends strongly on the particular record considered 
and its intensity. In the far-field earthquake the imper-
fections reduce by 66.7% the value of the Sa(T1) 
above which damage starts but tower is considered to 
collapse (due to lack of convergence of the analysis) 
at the same IM. In the near-field earthquake the effect 
of the imperfections is almost opposite. They have no 
influence on the IM that marks the onset of damage, 
although Fig 6 indicates that it is more distributed 
when there are weld depressions. However, the im-
perfections seem to help the structure to resist 25% 
stronger seismic actions at the collapse level, which 
in the case of the structure with imperfections occurs 
due to the development of a full plastic hinge at the 
top third of the tower. Further NLRHA on a larger 
number of records need to be conducted to explore in 
detail the important effect of the imperfections.  
 
Figure 5. Spectral acceleration versus energy dissipated by plas-
ticity in the tower. NLRHA. 
 
Figs. 6 and 7 compare the deformation along the 
tower at the end of the two earthquakes or at the col-
lapse stage. It is clear that the failure mechanism is 
due to the concentration of damage at one of the con-
nections between the segments of the towers, even in 
the structure without imperfections. This is due to the 
change of thickness between these segments. After 
the full hinge is developed a mechanism is formed in 
the region above, with the large mass of the hub and 
the blades (90 tonnes) introducing significant p-Δ ef-
fects at the hinge and accelerating the collapse. The 
weld depressions seem to distribute the damage at dif-
ferent segment connections for lower IMs but for 
larger values the damage is concentrated at a single 
section and collapse usually occurs faster than in the 
perfect structure. The difference between the re-
sponse under near-field and far-field earthquakes is 
normally in the position of the damaged section. In 
the near-field earthquake the hinge is developed at the 
upper third of the tower, where the section has smaller 
diameter and thickness, which has less capacity to 
dissipate energy by plasticity than in lower sections. 
This is due to the larger contribution of high-order 
modes in near-field earthquakes, which excite more 
the top region of the tower.  
 
 
Figure 6. Deformed configuration of the tower at the end of the 
analysis in the near-field earthquake for different intensities. ‘D’ 




Figure 7. Deformed configuration of the tower at the end of the 
analysis in the far-field earthquake for different intensities. ‘D’ 




This study focused on the elastic and the inelastic 
seismic responses of a conventional steel-tower wind 
turbine subject to earthquakes with different rupture 
distances (Repi).  
The elastic analysis considered a significant num-
ber of recorded earthquakes (2,660 in total). It was 
observed that the spectral acceleration at the funda-
mental mode of the tower (Sa(T1)) is an efficient in-
tensity measure to describe the demand of displace-
ments during the earthquake. The results indicate that 
the earthquakes with epicentral distances between 20 
and 120 km have a slightly larger influence in terms 
of the peak displacements but generally speaking if 
the earthquakes are scaled to the same Sa(T1) the elas-
tic tower displacements are almost the same, regard-
less of the shape of their acceleration spectra. How-
ever, the bending moment along the tower seems to 
be more influenced by higher-order vibration modes 
and the Sa(T1) loses efficiency to describe this re-
sponse measure. 
Two earthquakes are selected from the previous 
data set to conduct the nonlinear dynamic analysis. 
The records have different rupture distances but they 
are similar in terms of the type of ground where they 
were recorded, their moment magnitude, their signif-
icant duration (approximately 30 s) and their original 
Sa(T1). One of this records is near-field (Repi = 1.11 
km) and the other is far-field (Repi = 30.05 km). A 
nonlinear seismic analysis was conducted on a de-
tailed model of the tower that includes realistic weld 
imperfections represented with axisymmetric depres-
sions at the connections between the steel segments 
of the structure. Series of incremental dynamic anal-
ysis were conducted with and without imperfections. 
It was observed that the weld depressions can have a 
significant effect in the seismic response of the struc-
ture and potentially reduce significantly the intensity 
threshold of the earthquakes that can damage or even 
destroy the wind turbine, and it can also accelerate the 
development of a full plastic hinge at a weld depres-
sion that triggers a rapid failure. Therefore, it is rec-
ommended to model the imperfections in the seismic 
analysis of these structures and to explore their effect 
with further research. In addition, comparing the two 
earthquakes it is observed that the position of the plas-
tic hinge when the tower collapses occurs at higher 
regions in the near-field record. These regions have 
less dissipation capacity and the seismic response in-
duced by the near-field earthquake represents a higher 
risk. This is attributed to the larger contribution of 
high-order modes in the excitation of the regions of 
the tower closer to its top.  
The results obtained are consistent with previous 
works, which observed that ground motions corre-
sponding to rocky grounds tend to lift the position of 
the plastic hinge in the tower and to reduce its capac-
ity due to the lower dominant periods in this records 
(Zhao et al., 2019). The results of this work suggests 
that distance between the wind turbine and the epi-
center, and not only Sa(T1), is important for the seis-
mic design of these structures. Further studies with a 
larger number of records considered in the nonlinear 
dynamic analysis need to be conducted to fully ex-
plore the influence of the spectral shape on the seis-
mic behaviour of wind turbine towers.  
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